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ABSTRACT  This paper reports inhibition of Na  + +  K+-sdmulated, ouabain- 
inhibited adenosine triphosphatase (S-ATPase)  in sheep red cell membranes by 
oxidized glutathione (GSSG).  The results  are  consistent with the hypothesis 
that this inhibition depends upon the formation of a mixed disulfide between 
glutathione  and  -SH  group(s)  in  the  enzyme protein.  Thus,  inhibition  of 
S-ATPase by GSSG proceeds more rapidly at alkaline than at neutral pH and 
is reversed by the addition of an excess of a compound containing reduced -SH 
groups (e.g. dithiothreitol). ATP protects S-ATPase against inhibition by GSSG 
and this protection depends on both the monovalent and divalent cation com- 
position of the medium. Protection by ATP is more complete in the presence  of 
K + than in the presence of Na  +. 
INTRODUCTION 
The  (Na  +  +  K+)-activated  ATPase  (S-ATPase) I  of membrane  systems is 
inhibited  by  NEM,  PCMB,  and  other  sulfhydryl blocking agents  (Glynn, 
1963;  Landon and  Norris,  1963;  Skou and  Hilberg,  1965;  Tosteson,  1966; 
Fahn et al.,  1966;  Siegel and Albers,  1967).  Since protein sulfhydryl groups 
are  also  attacked  by  disulfides forming  mixed  disulfides  (Stracher,  1964; 
Kanarek, Bradshaw, and Hill, 1965), inhibition of S-ATPase by disulfides has 
1 
GSH, reduced glutathione 
GSSG, oxidized  glutathione 
DTT, dithiothreitol  (Cleland's  reagent), 
HS. CH~(CHOH)2.  CH~SH 
Pi, inorganic phosphate 
ATP, adenosine  triphosphate 
ATPase, adenosine  triphosphatase 
S-ATPase, Mg  ++-, Na  +-, K+-activated  ATPase 
I-ATPase, Mg++-activated  ATPase 
ADP, adenosine  diphosphate 
AMP, adenosine  monophosphate 
ITP, inosine triphosphate 
TCA, trichloroacetic  acid 
CTP, cytosine  triphosphate 
CrP, creatine phosphate 
PCMB, p-chloromercuribenzoate 
NEM, n-ethylmaleimide 
G6PD, glueose-6-phosphate  dehydrogenase 
x23 
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also  been  studied.  Inhibition  by  cystine  is  described  in  a  separate  report. 2 
The present study deals with inhibition by GSSG of the ATPase in erythrocyte 
membranes of HK  sheep.  Since glutathione is present  in  the sheep  erythro- 
cytes in approximately  2  mM concentration,  mainly as GSH,  some attention 
was devoted  to the possible physiological or pathological role of the reactions 
studied. 
METHODS 
Membranes  Membranes  were  prepared  from  the  red  cells  of HK  sheep  by 
osmotic 1ysis and  repeated washing with  l0 mM Tris-C1  (pH  7.6)  until no residual 
pinkness due to hemoglobin remained.  In later experiments 0.1  rnM DTT was used 
in  the lysing and  wash  solutions since  this  was  found  to  produce a  slightly higher 
level of enzymatic activity. 
Preincubation  The reaction of membranes with  GSSG  (30 raM) was  normally 
carried out at 37°C for 2 hr in Tris buffer (0.1  M, pH 9.0). The mixture was usually 
adjusted to the desired pH with NaOH or KOH but Tris base was also used when 
only a pH less than 8.6 was required. DTT or GSH was also used in 0.1 M Tris buffer 
and the pH adjusted with NaOH or KOH. ATP was normally used as the Tris salt 
(Sigma), necessary cations added, and the pH adjusted with NaOH,  KOH, or Tfis 
base. Nucleotides other than ATP were used as the Na salts and the pH adjusted with 
NaOH or KOH. Owing to the marked effect of temperature on the pH of Tris buffer, 
Tris solutions to be incubated at 37°C at pH 7.4 were made up at pH 7.6 at room 
temperature (25°C). After preincubation and before assay, membranes were washed 
four times with 40 rul Tris buffer (0.17 M, pH 7.6). When ATP or other nucleotides 
were present in the incubation mixture, washing was combined with shrinking and 
swelling by adding successively equal volumes of 340 mM Tris buffer and l0 mM Tris 
buffer during each wash. 
Reagent solutions were normally freshly prepared but were occasionally preserved 
for 1 wk at --20°C without obvious effects on the results. ATP solutions were kept at 
--20°C for several weeks without substantial spontaneous hydrolysis. 
A TPase Assay  ATPase  activity was  usually  measured  under  three  different 
conditions.  In all  three conditions,  the reaction was carried out for I-4 hr at 37°C 
and the assay mixture contained Tris-ATP (l  re_M), MgCl2 (l  rr~), Tris-Cl 07 m~, 
pH 7.4), membranes (about 2-3 mg protein/ml) witha total volume of 1.25 or 2.5 ml. 
The three conditions differed in the electrolyte composition of the medium which was 
(a) KC1 (100 n~),  (b) KC1 (20 m~)  plus NaC1 (80 rr~), and (c) KCI (20 mM) plus 
NaC1 (80 mM) plus ouabain or strophanthidin (10  4  M). The reaction was stopped by 
the addition of TCA (20 %) and the Pi released from ATP measured by the method 
of Sumner (1944).  Na+-K+-Mg++-specific ATPase  (S-ATPase) was calculated from 
Pi~) minus ~  (Pic,)+  Pi(c)) • Nonspecific Mg  ++ ATPase (I-ATPase) was calculated 
as ~  (Pic,)+  Pi(,)).  Pic,)  and  Pi(c)  usually were equal to within 5 %.  Protein was 
determined by the method of Lowry et al.  (1951). 
2  Zirm, M. F., D. 121. Tosteson, D. A. T. Dick, and E. G. Dick. 1969. Effect of eystine on ATPase 
in HK and LK sheep red cells. Data to be published. D.  A.  T.  DIS  ET AL.  Adenosine  Triphosphatase  Inhibition  in Sheep  Red Cells  t25 
RESULTS 
Relative Activity  of S-A TPase and I-A TPase 
The activities of S-ATPase and I-ATPase in five experiments are shown in 
Table I  (columns 2 and 3). The absolute levels of both activities are approxi- 
mately  ~/000th of those obtained in brain  (Skou and Hilberg,  1965) or kid- 
ney (Skou,  1962). The mean ratio of S-ATPase:I-ATPase is 1.18, again con- 
TABLE  I 
EFFECT  OF  INCUBATION  IN  BUFFER  ON  S-ATPase  AND  I-ATPase 
This table shows S-ATPase and I-ATPase activities in five representative ex- 
periments.  In each experiment, ATPase assays were performed on the same 
batch of membranes without and with a  preincubation in Tris-C1  (100 mM, 
pH 9.0)  at 37 °C. 
Untreated membranes  Prelncubated in buffer 
Experiment  S  Time of  S 
No.  S-ATPase  l-ATPase  ~  prelncubadon  S-ATPase  I-ATPm 
moles  t~moles 
~protdn) X(~)  kr  ~prote/n) X(~) 
6  86  86  1.00  2  83  42  1.98 
7  86  82  1.07  2  77  58  1.33 
8  93  67  1.39  2  138  39  3.52 
9  105  76  1.38  2  83  59  1.41 
10  88  81  1.09  4  106  84  1.26 
Mean  92  78  1.18  95  56  1.70 
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Fzoum~  1.  This figure  shows  an  experiment  (No.  42a)  in which  HK  sheep  red  cell 
membranes were preincubated for different periods of time in different concentrations 
of GSSG (0,  I0, 30, and 100 raM) in Tris-Cl (100 raM, pH 9.0) at 37°C. The membranes 
were then washed and assayed for S-ATPase activity which is plotted on the ordinate 
as a  function of time of preincubation on the abscissa. x26  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  x969 
siderably  lower than that found in brain and kidney.  On incubation of the 
membranes  in  Tris  buffer  the  S-ATPase  was  slightly  increased,  while  the 
I-ATPase diminished so that the ratio S-ATPase: I-ATPase rose to  1.70. 
12o  I 
Control  =  ~  I°°I~~, ~  "~ 
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FIGURE 2.  This  figure shows an experiment (No.  62a)  in which  HK sheep red cell 
membranes were preincubated for different periods of time in different concentrations 
of GSSG (0,  10,  and  100 m_~) in Tds-C1  (100 n~, pH 9.0)  at 37°C. The membranes 
were then washed and assayed for I-ATPase activity which is plotted on the ordinate 
as a function of time of preincubation on the abscissa. 
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FxGum~ 3.  This  figure shows  an  experiment  (No.  12)  in  which  HK  sheep  red  cell 
membranes were preincubated for 3 hr at 37°C in Tris-Cl (100 n~)  at different pH's 
in  the absence  (incubated control)  and presence of GSSG  (30 n~).  The membranes 
were then washed and assayed for S-ATPase activity which is plotted on the ordinate 
as  a  function  of pH  during preincubatlon on  the  abscissa. The line on  the  ordinate 
marked untreated control is the S-ATPase activity of an aliquot of the same batch of 
membranes which was not preineubated. D.  A.  T.  DICK  ET  AL.  Adenosine  Triphosphatase  Inhibition  in Sheep  Red Cells  I~  7 
INHIBITION BY GSSO  The  time  course of inhibition  of S-ATPase  in  10, 
30, and  100 mM GSSG at pH 9.0 and 37°C is shown in Fig.  1. Inhibition was 
comparatively  slow,  and  was not complete in  2  hr  even  at  100 rnM  GSSG. 
Inhibition  of I-ATPase  (Fig.  2),  though  smaller  in  magnitude,  proceeded 
more  rapidly  under  the  same  conditions  and  had  essentially  reached  the 
TABLE  II 
RESTORATION  OF  S-ATPase  BY DTT  AND  GSH 
This table shows the results of experiments in which HK sheep red cell mem- 
branes were preincubated twice, first at 37°C  in Tris-C1  (100 mu)  with or 
without GSSG,  and subsequently at 37°C in Tris-Cl (100 raM) with or with- 
out DTT  or GSH. The figures for S-ATPase and I-ATPase activity show the 
range of results in duplicate experiments. 
lit prehacubation  2nd preincubation 
Experiment 
No.  Time  pH  GSSG  Time  pH  DTT  GSH  S-ATPale  I-ATPage 
/uno/e$ 
h,.  ,.,,at  ~'  ~  ,n~  '(g t~u/~)  x  (~i 
43a  3  9.0  0  ....  143-161  75-84 
43a  3  9.0  30  ....  3-5  32-34 
43a  3  9.0  0  4  7.6  30  --  177-179  79-80 
43a  3  9.0  30  4  7.6  30  --  103-108  49-50 
43a  3  9.0  0  4  7.6  --  30  132-162  78--83 
43a  3  9.0  30  4  7.6  --  30  49-51  42--43 
42  3  9.0  0  4  7.4  --  --  79  70 
42  3  9.0  30  4  7.4  --  --  22  83 
42  3  9.0  30  4  7.4  30  --  91-97  84-85 
42  3  9.0  30  4  7.4  --  30  51-57  76-91 
42  3  9.0  0  4  9.0  --  --  33  106 
42  3  9.0  30  4  9.0  --  --  4  71 
42  3  9.0  30  4  9.0  30  --  95-119  92-99 
42  3  9.0  30  4  9.0  --  30  41-55  102-118 
43b  .......  105  153 
43b  48  7.4  0  ....  92--98  70-75 
43b  48  7.4  1  ....  34--37  39 
43b  48  7.4  0  4  7.4  30  --  109-112  65-456 
43b  48  7.4  1  4  7.4  30  --  42-48  49--61 
steady state in  a/6 hr.  Mean  inhibition of S-ATPase by 30 rnM GSSG  in 2  hr 
at pH  9.0  and  37°C  was  89 % while  mean  inhibition  of I-ATPase  was only 
38 %.  No  significant  effect  of Mg  ++,  Na +,  or  K+  on  the  inhibition  was  de- 
tected.  Inhibition  of S-ATPase  was  pH-dependent  (Fig.  3)  and varied  from 
95 % at pH 8.9  to 25 % at pH  7.6  (30 rnM GSSG,  3  hr,  37°C).  On the other 
hand, no evidence was obtained of a pH effect on GSSG inhibition of I-ATP- 
ase. 70 
THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  I969 
REVERSAL  OF  GSSG  INHIBITION  BY  THIOLS  Reversal  of  inhibition  of 
S-ATPase by GSSG (30 mR, pH 9.0, 3 hr, 37°C) was produced by incubation 
with 30 mM DTT  or GSH  for 4  hr at pH  7.4,  37°C  (Table II).  The activity 
of control untreated membranes was also increased slightly by DTT  (but not 
by GSH).  In  contrast  to  inhibition  of S-ATPase  by GSSG,  the  reversal by 
DTT  was  relatively independent of pH  in  the  range  7.4  to  9.0  (Table  II). 
Inhibition  of  I-ATPase  by  GSSG  was  reversed  only  slightly  by  DTT  or 
GSH. 
K  6O 
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40 







5  I0  15 
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FIGURE 4.  This figure shows the results of an experiment (No. 41b) in which HK sheep 
red cell membranes were preincubated for 3 hr at 37°C in Trls-Cl (100 n~, pH 9.0) 
and GSSG (15 raM) in the presence of different concentrations of ATP and either KC1 or 
NaC1 (12.5 raM). The membranes were then washed and assayed for S-ATPase which 
is plotted on the ordinate as a function of ATP concentration on the abscissa. The line 
designated  buffer control is the S-ATPase  activity of membranes which were preincu- 
bated in the absence of GSSG and ATP. 
INHIBITION  BY  GSSO AT  LOW  CONCENTRATION  AND  PH  The normal sheep 
red cell  contains 63 mg  glutathione/100  ml cells (equivalent  to approxi- 
mately 2 mM as  GSH)  (Altman and Dittmer,  1961),  so that,  if  fully  oxidized, 
I mM  GSSG  would be produced. It was, therefore,  of interest  to determine 
whether such a concentration could affect  membrane  S-ATPase  at physio- 
logical  pH. As shown in Table II, I  mR  GSSG  produced 63 %  inhibition  in 
48 hr at pH  7.4 and 37°C. However, reversal  of the inhibition  by DTT  has 
not been demonstrated since  the increase  of  activity  produced in the control 
exceeded that  produced in the GSSG-inhibited enzyme. 
PROTECTION  BY  NUCLEOTIDES  AGAINST  GSSG  INHIBITION  If ATP  were 
present along with GSSG  during incubation, inhibition  of S-ATPase  was 
largely  prevented (Fig.  4).  The protective  effect  of  ATP  varied with the  cation D.  A.  T.  DICK  ET  AL.  Adenosine  Triphosphatase  Inhibition  in Sheep  Red  Cells  12  9 
present and is greater in the presence of K  than of Na. With equimolar GSSG 
and  ATP  (15  mM  of each)  in  the  presence  of  12.5  mu  K,  protection  was 
complete, while with  12.5 mu  Na,  only 61%  protection was  produced.  Pro- 
tection of I-ATPase was achieved at less than half the equimolar concentration 
80 
4o 
~'  zc 
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% 
Control  , 
I  I  I 
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FIOURE 5.  This figure shows the results of an experiment (No. 41b) in which HK sheep 
red cell membranes were preincuhated for 3 hr at 37°C in Tris-C1 (100 mu, pH 9.0) 
and GSSG (15 rn~) in the presence of different concentrations of ATP and either KC1 
or NaC1 (12.5 rn~). The membranes were then washed and assayed for I-ATPase which 
is plotted on the ordinate as a function of ATP concentration on the abscissa. The line 
designated control is  the  I-ATPase  activity of membranes which were preincubated 
in the absence of GSSG and ATP. 
TABLE  III 
EFFECT OF Mg  ++ ON ATP PROTECTION  OF S-ATPase AND I-ATPase 
This table shows  the results of an experiment in which HK  sheep red  cell 
membranes were preincuhated for 4  hr at 37°C in Tris-Cl  (100 ma~, pH 9.0) 
without  and  with GSSG  (15 raM),  ATP  (15  rr~),  and MgCI~  (9  rnM).  The 
membranes were then washed and assayed for S-ATPase and I-ATPase. 
S-ATPase  I-ATPase 
O~,noles  )  / (g protein) ×  (hr  ) 
Buffer control  59  44 
GSSG  (15)  92  35 
GSSG  (15)  q- ATP  (15)  43  43 
GSSG  (15)  -I- ATP  (15)  -t- Mg  (9)  64  53 
of ATP  and  was  not significantly cation-dependent  (Fig.  5).  The  protective 
effect of ATP  on both S-ATPase  and  I-ATPase was  partially dependent on 
the presence of Mg ++  (Table III). 
Other nucleotides than ATP exerted protective effects (Fig. 6). ADP, AMP, 
and  CTP  were  effective but  less  so  than  ATP,  while  ITP  had  no  effect. A 
nonnucleotide "high energy phosphate" compound, CrP, also failed to protect 
against  inhibition of S-ATPase by GSSG. I3o  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  1969 
DISCUSSION 
It has been assumed that the inhibitory reaction is of the form: 
ES-  +  GSSG ~  ESSG  +  GS- 
Active  Inactive 
enzyme  enzyme 
That  ionization  of  the  sulfhydryl  group  is  a  precondition  for  sulfhydry1- 
disulfide reactions is already well-known (Calvin,  1954). The relation between 
70 
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Alone  +ATP  +ITP +ADP +AMP +CTP ÷CrP Or Nucleofide 
FIotr~  6.  This figure shows the results of an experiment (No. 4la) in which HK sheep 
red cell membranes were preincubated  for 4 hr at 37°C in Trls-C1 (I00 mu, pH 9.0), 
GSSG (15 mM), NaC1 (12.5 re_M), KC1 (18 raM), and either ATP, ITP, ADP, AMP, 
CTP,  or CrP (15 ml~). The membranes were then  washed and assayed for S-ATPase 
which is plotted on the ordinate for the different conditions of preincubafion. 
the  pH  and  the  inhibitory  effect  of GSSG  (Fig.  3)  is  consistent  with  the 
assumed reaction.  The possible roles of sulfhydryl groups  in enzyme activity 
have been fully discussed by Boyer and  Schulz  (1959). 
The  increase  in  the S-ATPase:I-ATPase  ratio  produced  by incubation in 
Tris buffer is similar to the effect reported by Hokin and  Reasa  (1964).  It is 
also  similar  to  the  increase  in  the  S-ATPase: I-ATPase  ratio  produced by 
treatment of enzyme preparations with desoxycholate (Skou,  1962; Jarnefelt, 
1964). Jarnefelt  (1964) found that this treatment reduced the Na and K  con- 
tained  in  the  enzyme  preparation,  and  attributed  to  this  reduction  the  in- 
creased  sensitivity  to  added  Na  and  K.  It  is  not known  whether  a  similar 
reduction  in  Na  and  K  occurred  in the erythrocyte membranes used in the 
present experiments. 
The differences found  in  the  present  experiments  between S-ATPase  and D. A. T.  DICK ET AL.  Adenosine Triphosphatase Inhibition in Sleep Rrd Cells 
I-ATPase may be listed as follows :-- 
I3I 
S-ATPaze  I-ATPaze 
GSSG  inhibition 
pH sensitivity of GSSG inhi- 
bition 
Reversal of GSSG inhibition 
by thiols 










Incomplete; ~  equimolar ATP 
required;  not  cation-de- 
pendent 
In almost every respect there is a considerable difference in behavior between 
S-ATPase and I-ATPase. It is not known whether the difference in behavior 
between S-ATPase and I-ATPase in respect to GSSG inhibition is a characteris- 
tic of the erythrocyte enzyme or of GSSG  as  an inhibitor.  Further studies 
with GSSG on other tissues are required to settle this point. Both cystine* and 
GSSG are relatively specific inhibitors of S-ATPase in erythrocytes. In con- 
trast,  in brain  tissue PCMB inhibits both S-ATPase and I-ATPase equally 
and NEM  tends to  inhibit preferentially the  I-ATPase (Skou and Hilberg, 
1965). The protection of S-ATPase by the substrate is similar to that described 
by Skou and Hilberg (1965)  in brain enzyme and in red cell membranes.  ~, s 
Protection of the  enzyme sulfhydryl groups  by ATP  seems  to  be  equally 
effective whether against PCMB, NEM,  or GSSG inhibition. In the present 
case the effect of Na on K  and the protection is, however, quite different from 
that described by Skou and Hilberg. While Skou and  Hilberg reported that 
Na  q-  ATP protected better than K  +  ATP against NEM,  in the present 
experiments K  -t- ATP was the more effective. Whether this difference is one 
between brain  and  erythrocyte enzyme  or  between NEM  and  GSSG  in- 
hibition is not known. K  +  ATP is more effective than Na -b ATP in protect- 
ing erythrocyte enzyme against inhibition by cystine.  2 A further difference is 
that  while  Mg  ++  increased  protection  by  ATP  against  GSSG,  Zinn  and 
Tosteson found no such effect of Mg  ++ with NEM) The fact that ADP gives 
partial protection while ITP is ineffective is in agreement with the results of 
Skou and Hilberg  (1965).  The effectiveness of AMP and  CTP and the in- 
effectiveness of CrP strengthen the suggestion that the nucleoside part rather 
than  the  phosphate  part  of the  molecule is  the  determining factor.  The 
marked contrast between the effects of ATP and ITP suggests that the amino 
group of the adenine may be important in the protective action. 
The protection of sulfhydryl groups on the S-ATPase by ATP is similar to 
=  Zinn,  M.  F.,  and D.  C.  Tosteson.  1969. Effect of n-ethylmaleimide  on ATPaa¢ in HK and LK 
sheep red cells. Data to be published. I32  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  x969 
the  protection  of hydroxyl  groups  of S-ATPase  against  inhibition  by diiso- 
propylfluorophosphate described by Hokin and Yoda (1964,  1965). However, 
protection of hydroxyl groups was completely lost in the presence of 7.5 mM 
K +,  an  effect quite different from the results with the sulfhydryl groups de- 
scribed in this paper. 
The  fact  that  63 %  inhibition  of S-ATPase  can  be  produced  by  1  rnM 
GSSG in 48 hr at pH 7.4 and 37°C  (Table II) opens the question of whether 
the normal  glutathione  content  of the  erythrocyte might  play some part  in 
regulation  of S-ATPase  activity.  Such a  concept  is  not  new  since  Scheuch 
et  al.  (1961)  noted  an  inhibition  of hexokinase,  glutathione  reductase,  and 
G6PD when GSH in the cell was oxidized by treatment with phenylhydrazine. 
On the other hand,  Walter and Caccam  (1966) found no inhibition of G6PD 
by GSSG.  In this respect, it is interesting  to note that apparent  active trans- 
port  of oxidized  glutathione  out  of normal  erythrocytes  has  recently  been 
reported  (Srivastava and Beutler,  1969). 
Observations  of hemolysis following treatment  of erythrocytes with  thiol- 
blocking agents (Jacob and Jandl,  1962 a, b) and  the observation  that  reduc- 
tion of erythrocyte GSH content by various means was always accompanied 
by  increased  osmotic  fragility  (Mortensen,  1964),  are  also  consistent  with 
regulation  of S-ATPase by GSSG.  Lability of GSH associated with osmotic 
fragility  is  found  in  human  erythrocytes  hereditarily  deficient  in  G6PD 
(Carson  et  al.,  1956;  Beutler,  1957;  Bottini  and  Modiano,  1965).  The  low 
content of G6PD in sheep erythrocytes (Thompson and Todd,  1964) suggests 
that GSH lability might well be a feature of these cells. Clearly, further work 
is necessary in order to define the role of GSSG in the regulation of S-ATPase 
activity in  intact  red ceils. 
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